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The Straits of Malacca and Singapore is one of the most important shipping waterways in the 2 world. It is the shortest shipping channel between the Indian Ocean and the Pacific Ocean, 3
linking major economies such as Middle East, China, Japan and South Korea. There are 4 around 300 vessels passing through the Straits on a daily basis and this gives an annual 5 throughput of approximately 100,000 ships, carrying 80% of the oil transported to Northeast 6
Asia as well as one third of the world's traded goods including Chinese manufactures, 7
Indonesian coffee and etc. The Straits is not deep enough to accommodate some of the largest 8 ships (mostly oil tankers). At Phillips Channel, the Straits narrows to 2.8 kilometres wide, 9 with 2.1 kilometres in the shipping waterways, creating one of the world's traffic chokepoints. 10 Qu and Meng (1) estimated that the direct daily loss of the Straits blockade to shippers and 11 carriers is around 10 million US dollars. Apparently, the Straits is of great importance to the 12 shippers, carriers, as well as global economy. The quality issue of accident data in road transport systems has been addressed 51 extensively because it is worthwhile noting that underreporting of accident fatalities and 52 injuries was identified between police and hospital records (7-11). A few researchers have 53 * It was subsequently listed out in the following year.
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recently drawn an attention to the maritime accident underreporting issue (12,13). These 1 studies aims to estimate the actual number of accidents (road traffic accidents or maritime 2 accidents) on the basis of incomplete accident records obtained from different databases with 3 the same sample space (all the occurred accident records). Three approaches are usually 4 applied to estimate the actual number of accidents: the best case scenario method, the capture-5 recapture method, and the Bayesian conditional probability method. The best case scenario 6 method is on the basis of assumption that all occurred accidents are reported to at least one 7 database. This assumption does not hold for those maritime accidents happened in the 8 Singapore Strait and recorded by either of the GISIS and LLI databases; for example, the 9 accident record on 11 February 2008 was included in neither of these databases. The capture-10 recapture method originates from epidemiology and estimations of animal population sizes, 11
and it assumes that the relevant data sources are independent (13). However, according to 12
Psarros et al. (12), it is believed that the likelihood of a maritime accident being reported to 13 one database is higher given that it has already been reported to another database, namely, the 14 independent assumption on data sources does not hold for maritime accidents. The Bayesian 15 condition probability method, however, could be used to estimate the lower bound of the 16 number of maritime accidents (12). It should be pointed out that the Bayesian conditional 17 probability method cannot be directly applied to analyze maritime accidents in Singapore 18
Strait using either of the GISIS and LLI databases due to the reasons as follows. Firstly, 19
focuses of these two maritime accident data bases are quite different. The GISIS reports only 20 those accidents with high consequences ("serious casualties" or above), while LLI tries to 21 cover all accidents with different severities (all the occurred accident records). This diversity 22 causes significant difference on the sample spaces of these two databases. Secondly, the 23
Bayesian conditional probability method can merely estimate a lower bound. In addition to a 24 lower bound, a good upper bound estimation of maritime accident occurrence is utmost 25 important to maritime authorities (e.g. MPA of Singapore) because an upper bound as the 26 worst case can facilitate their decision-making process. Therefore, a new and tangible 27 research methodology should be developed to estimate both lower and upper bounds of actual 28 number of accidents occurred in the Singapore Strait by using two incomplete databases with 29 different sample spaces: LLI and GISIS databases. 30
As the methodological contribution of this study, we will propose a Bayes' theorem 31 based approach to estimate the lower and upper bounds using two incomplete databases with 32 different sample spaces. The proposed methodology is able to estimate the maritime accident 33 frequency in the Strait not only for maritime authorities but also for the public. The remainder 34 of this paper is organized as follows. In the next section, data collected from the two sources 35 are described and some preliminary results are presented. The maritime accident frequency 36 estimation approach for the Singapore is subsequently elaborated. Based on the accident 37 analyses, the implications are highlighted accordingly. Procedure and Notations 7
As explained in the introductory section, the previous estimation approaches cannot be simply 8 applied in this study due to the invalid assumptions and the issue of different sample spaces. 9
Accordingly, in this section, a new approach is proposed to estimate the actual number of 10 accidents occurred in the Singapore Strait using the two incomplete accident databases with 11 different sample spaces (The sample space of GISIS database is all the Type 1 accidents and 12 the sample space of LLI database is all types of accidents). 13 14
15
Figure 3: Sample space of Type-1 accidents 16 17
As can be seen in Figure 3 , the two databases are subsets of the sample space of GISIS 18 database -all the Type 1 accidents. The joint portion of the two databases is denoted as the 19 set C. The reporting performance of a database refers to the ratio of the recorded accidents in 20 the database out of the actual number of accidents (the whole sample space). It is assumed 21 that the reporting performances of the LLI database for the two types of accidents are the 22 same in this study. The procedure of estimating the actual number of accidents is presented as 23 follows: 24
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Step 1: (Category analysis) Classify all the 110 accidents recorded by the LLI databases into 2 two categories -Type 1 accidents and Type 2 accidents -in accordance with the 3 detailed description of each accident record; 4
Step 2: (Reporting performance estimation) Estimate the lower and upper bounds of the 5 reporting performance of the LLI database 6
Step 3: (number of accidents estimation) Estimate the lower and upper bounds of the actual 7 number of accidents occurred in the Singapore Strait. 8 9
For the sake of presentation, the following notations are introduced for the subsequent 10 discussion 
The first lower bound of the LLI database' reporting performance can be derived using the 2 right hand side of eqn. (1) . 3
Since ( ) 1 P LLI GISIS is the conditional probability that an occurred Type 1 accident is 4 included in the LLI database in the condition that it has been covered by the GISIS database, 5 it can be approximated by 6 ( )
According to the assumption that the reporting performances of the LLI database for the two 8 types of accidents are the same, the reporting performance of the LLI database can be 9 calculated below: 10
The reporting performance of the GISIS database can be estimated by 12
According to the classical the Bayes' theorem, it follows that 14
It is believed that the likelihood of an accident being reported to the LLI database is higher 16
given that it has been reported to GISIS (and vice versa), namely, 17
Substituting eqns. (6) and (7) into to eqn. (5) yields that 20 ( )
Eqns. (2)-(4) implies that 22
Eqn. (9) contributes the second lower bound of the actual number of occurred Type 1 as 24 follows. 25 1 1 
GISIS LLI
The following proposition demonstrates that the second lower bound is tighter than the 27 first lower bound: 28
Proposition: The second lower bound shown in the right hand side of eqn. (10) is not less 29 than the first lower bound shown in the right hand side of eqn. (1), namely: 30
Proof: Since the cardinality of the intersection of the GISIS and LLI 1 databases cannot exceed 32 the cardinality of the GISIS or LLI 1 database, we have 33
Eqns. (12)-(13) implies that 36 
After simplifying both sides of eqn. (15), we obtain the inequality: 2
Eqn. (16) can be rewritten as follows: 4 ( )
The proof is completed.  6 7
The above proposition enables us to estimate a good lower bound of the actual number 8 of accidents with type 1 occurred in Singapore Strait as follows: 9 
